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SUMMARY

Itisdemonstratedwiththeaidof similitudeargumentsthata model
launchedfroma ~rvelocity gunupstreamthrougha specialsupersonic
nozzleshouldexperienceaerodynamicheatingandresultingthermalstresses
likethoseencounteredby a long-rangeballisticmissileenteringthe
earth’satmosphere.Thisdemonstrationhingesontherequirementsthat
modelandmissilebe geometricallysimilarandmadeofthesamematerial,

—

andthattheyhavethesameflightspeedandReynoldsnumber(basedon
conditionsjustoutsidetheboundarylayer)at correspondingpointsin
theirtrajectories.Thehypervel.ocitygunprovidesthembdelwiththe
requiredinitialspeed,whilethenozzlescalestheatmosphere,interms
ofdensityvariation,toprovidethemodelwithrequiredspeedsand
Reynoldsnumbersoveritsentiretrajectory.Sinceboththemotionand ~

. aerodynamicheatingofa missiletendtobe simulatedinthemodeltests,
thiscombinationofhypervelocitygunandsupersonicnozzleistermedan T
atmosphericentrysimulator.

& ‘*

mODUCTION

Theaerodynamicheatingofa long-rangeballisticmissileentering
theearth’satmosphereposesproblemsof soseriousa magnitudethatthe -
successorfailuretithemissilemaywellhingeontheirsolution.The
extenttowhichtheseproblemsaresolvedcanbe fullydeterminedonlyby
flighttests,butsuchtestsare,perse,verydifficult,timeconsuming,
andcostly.It isappropriateto @quire,therefore,ifa methodcanbe
devisedforsimulatingwithrelativelysimpleequipnentontheground, .-
theaerodynamicheatingandresulti~--thermal..stresses“ina MLlistiE-‘
missile. Thisquestionformsthestartingpointofthepresentpaper
whichundertakesfirsttoestablishconditionsof simulationandthento
determinea practicalmethodof simulation.b thecourseof eventsit.
willbe discoveredthatsimulationofheatinggoes&d inhandwithsimu-
lationofmotionofa missile;accordingly,thesubjectofthispaperis,

* moregenertiy,an atmosphericentrysimulator.

—
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SYMBOLS
.

referenceareafordragevaluation,sqftA

Cl(T)

● C2(T)

CD

Cf~

rateconstant(seeeq.(Al.)],see-l — .-

rateconstant(seeeq.(A2)),cuft/sec

dragcoefficient,dimensionless:
. ..

./=,

“-

localskin-frictioncoefficien~””basedon conditionsjust
outsideofboundarylayer,dimensionless

equivalentskin-frictioncoefficient,
dtierisionless *JC’6X%

Cf‘

missiledimension,’ft

lb/sqft .
—

perunitarea,ft-lb/ft2
.;

t~icalmodelor

Young’smodulus,

D

E

H heattransferred

diffusivity,sqft/sec —

thermalconductivity,ft-lb/secft2(%/ft)

K
●

k .

lengthofnozzle,ft
—

L

flightI&chnumber,dimensionlessM
—
.massofmissileormodel,slugs--

.m

N concentrationofparticles(i.e.,numberofparticlesper
unitvolume),ft-s —

distancenormal.toboundary,ft
—

reducednormaldistance,n/D,diinensionless

nozzlereservoirpressure,lb/sqft

n

li

P.

Q totalheattransferred,ft-lb ‘“” .

radiusof curvatureofbodysurfaceat stagnationpoint,ft .
w

r
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T

To

t
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v

Y’

X,y,z

z,~,z

a

P

5

e

v
*

P
3

P.

surfacearea,sqft

temperat~e,%

“ OFnozzlereservoirtemperature,

time,sec

reducedtime,+, sec/sqft

velocity,ft/sec

altitude,ft

recbagularcoordinates,ft (exceptwhenappearingas sub-
scriptson stresses)

reducedcoordinates(~

coefficientofthermal

= x/D,~ = y/D,~ = z/D),dimensionless

expansion,ft/ft-%

constantindensity-altituderelation,ft-~(seeeq.(l))

typicalflowdeflectionangle,deg

angleofflightpathwithrespecttohorizontal,deg
.

Poisson’sratio,dimensionless

airdensity,slugs/cuft

referencedensity,slugs/cuft (reservoirdensityinnozzle)

—
●

~“

~xjay~~z tensile orcompressivestresses;lb/sqft(seesl=t~,P.9)

Txy~TxzJTyz shearstresses,lb/sqft (seesketch,p.9, andnote
T~ = T~, T~z= Tzxj and Tyz ‘ Tzy)

E,?,c directioncosinesofnormaltoa boundary,dimensionless

Subscripts

averageconditions

conditionsat “entrance*’toearth’satmosphereor simulator

localconditionsjustoutsideofboundarylayer

av

zw
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mi

mo
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missile

model

stagnationconditions

.

.

ANALYSIS

Inordertoclarifythebasicrequirementsofa simulator,thisstudy
isinitiatedwitha reviewofsomeofthemoreimportantcausesandeffects _ -
ofaerodynamicheatingoflong-rangeballisticmissiles.FollowingthiS
review,theconditionsof simulationwillbe setforthina mathematical
formdesignedtofacilitatethechoiceofa practicalsimulator.

MotionsndHeatingofLong-RangeM-uisticMissiles

Itisa fundamentalcharacteristicofballisticmissiles(seeref.1)
thatspeedbegetsrange,withtheresultthat@per’velocitiesinexcess
of10,000feetpersecondarerequiredinorderto obtainlongrangesin
excessof1,000miles.A long-rangeballisticmissilefirstattains
hypervelocitiesneartheendofpoweredflight.Inthisphaseofflight
andthroughoutthelargemajorityofunpoweredflightthevehicleshould
passmoreorlessunimpededthroughtherarefiedupperatmosphereofthe
earth,correspondingtoaltitudesinexcess~ severalhundredthousand
feet.1Itstrajectoryterminates,however,titha veryrapiddescent

T

throughallorpartoftheesrth’srelativelydenseloweratmosphere.In
thisphaseofflight,termedtheatmosphericetitry,repartitionandsevere L
aerodynamicheatingofthemissilecanalmost-certainlybe expectedto
occur(seeref.2).

Retardationduringatmosphericentryiscausedby thecombinedaction
ofpressureandviscousforces,whileaerodyzuuiicheatingstemsinthe
mainfromworkdoneby viscousforces.Inbothcasesitisaerodynamic -.—
ratherthangravityforceswhichplaythepredominantrole,withtheresult
thatmotionandheatingofthemissileemergeas closelyrelatedphenomena.
Thus changesinmissileshapewhichaffectmotionwi3Jalsoaffectheatiiig._
Thisfactcan,as discussed.inreference2,be exploitedinthedesignof
missileswithreducedaerodynamicheating.Thepotentialforexcessive
heatingremains,however,asanunavoidablepropertyofthelong-rangeb&
listicmissilewhichenterstheearth’satmosphereathypervelocity.

lItispresumedthatthemissileis,unliketheusualmeteor,so
kge (sayoftheorderoffeetintypicaldimension)thatfreemolecule
phenomenaplaya minorroleinitsmotionandheating. .
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Excessiveheatingcanhaveseveraleffects.Firstandperhaps most
, seriousoftheseeffectsisthedevelopmentofhighthermalstressesin

thestructureofthemissile.Thesestressestend,forexample,tofsr
overshadowthepressureinducedstresses.b addition,thereisthe
naturalweakeningofthemissilematerialathightemperatures,sothat
structuralfailuremayoccurduringatmosphericentry.Thereis,of
course,thefurtherpossibilitythatintenseaerodynamicheatingwill,
aswithmeteors,causeburningandtheultimatedestructionofthemissile.

These,then,aresomeoftheimportantcausesandeffectsofaero-
_c heat= ofa IoW-rangeballisticmissileenteringtheatmosphere.
Theysuggestthatan atmosphericentrysimulatormightlogicallyinclude
meansof simulatingmissilevelocity,missileconfiguration(e.g.,shape),
andthelowerportionoftheearth’satmosphere.Wewillproceedfrom
thissuggestiontoformulateourconditionsof smtion.

ConditionsofSimulation

Theanalysistofollowtacitlypresumesthevalidityofmanytime-
testedassumptionsofaerodynamics,thermodynamics,and~olidmechanics.
h addition,however,it ispredicatedontheassumptionsthatduring
atmosphericentry(1)radiationhasa secondaryeffectonmissileheating,
(2)gravityhasa secondaryeffectonmissilemotion,(3) theflow-field
freezeprincipleof Oswatitsch(ref.3) holdsforthemissile,and 4)the

[thermalproperties(e.g.,specificheats)andtransportpropertiesi.e.,
* thermalconductivityandtiscosity)ofairarefunctionsoftemperature

only. Thefirsttwoassumptionsaresuggestedby thecalculationsof
references1 and2,2whilethethirdassumptionhingesessentiallyonthe

● requirementthatthesquareofthehypersonicsimilarityparameterfora
missilebe largecomparedto1 duringentry(i.e.,M%in25>>1). For
missilesofnormalslenderness,thehyperspeedofentrytendsto insure
thesatisfyingofthisrequirementwiththeresultthatflightMachnum-
berlosesitssignificanceasan importantsimilarityparmneter.sThe
lastassumptionisrestrictiveonlyintheeventairtendsto dissociate

2Thefirstasswnptionis,of course,bestsuitedto “relativelylight”
missileswhicharedesignedontheso-called‘Iheatsink”principle,or,
moregenerally,whicharedesignedtomaintainrelativelycoolsurfaces.

31tisdemonstratedinreference3 that Machnumberandstrewangle
inthedisturbedflowareindependentofflightMachnumiber,provided
M%in25>>1, andprovidedtheairbehavesideally.~ theeventnon-
idealbehavior,likechangesinthespecificheats,occursasa resultof
hightemperaturesinthedisturbedflow,thenflightvelocitytendsto
replaceflightMachnumberas theimportantindexofmotionsinceit is
throughthisvelocity(viakineticenergy)thathighdisturbedrafitem-

b peraturesarecreated.
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(orpossiblyionize)anditwillthereforebe treatedina discussion
ofthesephenomenalaterinthepaper(seesectionon‘iPerformance
Limitations”).

Nowitisconvenientindiscussingsimilitudeto-imaginea model
counterparttothemissileanda testchambercounterparttotheatmos-
phere.Furthermore”itispermissibleforourpurposes”toyroceedfrom
thesimplifiedequationsofreference2 fortheconvectiveheatingof
ballisticmissiles.Thusforan isothermaltitmosyhere(whichclosely
approximatestheearth’sloweratmosphere,se%-ref.2)

and

(a)

(b)

P _ e-PY’
~- (1)—

therefollows:

Heatabsorbedperunitmassataltitudeyf

(c)

..-—
—

.——

where

(2)

.—

c@#
e-BY’

V’ .Ve’e ‘Since :

Averagerateofheattransferperunitarea

3 s @@ e-PY’
&v cf’PoV-ee+yt - ~
—=— e 13msinee
dt “4

(3)

(4)
.+ . .“ :-—

Rateofheattransferto stagnationpoint

(5)

Accordingtoecyzation(1)thedensityoftheairinthetestchamber .
mustvaryexponentiallywiththedistancecorrespondingtoaltitudeinthe .

atmosphere.Themoregenemlimplicationis,ofcourse,thatthetest
chambermustduplicatevariationsof P/P. in theatmosphere,whatever* i

.
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theymaybe,althoughtheabsolutemagnitudesof P andP. maybe quite. differentfromthoseintheatmosphere.Thestatictemperatureofthe
airinthetestchamberis,as inthecaseoftheatmosphere,presumedto
be smallby comparisontomissilerecoverytemperature(seeref.2 in
connectionwiththispointas itrelatestothederivationofeqs.(2) .
through(~)).

Itwillbe stipulatednowthatmodelandmissilebe geometrically
similarin structureandconfiguration,andmadeofthesamematerial.
Furthermore,theconditionisimposedthatthemodelenterthetestcham-
berat thesamespeedandtemperatureas themissileenterstheatmosphere.
Finally,itisrequiredthatmodelandmissilehavethesameReynoldsnum-
bers(basedonlocalconditionsoutsidetheboundarylayer)at correspond-
ingpofitsBy’ intheirtrajectories.By correspondingpointsit is
meantwheretheproduct~y’ isthesameformodelandmissile.It should
be recognized,of course,that,ingeneral,13andy’ willindividuallybe
grosslydifferentformodelandmissile.

Itfollowsfromtheserequirementsandeqy.ation(2)thattheheat
transferperunitmass Q/m tomodelandmissilewillbe thesameat
correspondingpoints$y’ providedV isthesame,sinceCf’ and
Cf’S/C~ arethesane.Butfromeq=tion(3) thevelocityV willbe
thesameat corresponding~y’ o~y ifCDPoA/$mSk ee is thesame.
Jfthembscriptmo referstomodeland mi tomissile,thenthelast
provisionmaybewritten

.

.

.

(P/)mj_ . ~ 2 (y ’/sin ee)mo

(P#)mo ()G (y’/sinf3e)ti
(6)

ButmodelendmissileReynoldsnumbers,velocities,anddisturbedairtem-
peraturessrethesame,hence

(P))mi= (PoD)mo (7)

4Thisobservationwithregardto disturbedairtemperaturesiseasily
verifiedby consideringflownearthesurfaceofa missilewitha stagna-
tionpoint.Assumingforsimplicitythatairinthedisturbedflow
behavesideally,we haveat thestagnationpoint Ts = V2/2Cpsince
M2>>1. Thenthetemperatureoftheairjustoutsidetheboundarylayer

v’ ( )-J-
isgivenby theexpressionTZ=— 1++M12 . Henceif V andMz

2cp
arethesameformodelandmissile,then TZ andVz arethesame,inde-

. psndentofambientairtemperature.We areassuredofeqml M2’s by the
freezeprinciple(seefootnote
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andequation(6)maybewritten
b

(8) -

ThisexpressionfixesthelengthL ofthetestchamberintermsofthe —
portionoftheatmospheretobe simulatedthereinandtheratioofmodel
tomissilesize.5Ifeqy.ation(8)andthepreviouslysetforthrequire-

-.

mentsaresatisfied,thenmodelandmissileshouldefierienceeqml heat
transferperunitmass,andhenceequalaveragetemperatureriseat corre-
spondingpointsintheirtrajectories.Thesequantitiesaresignificant,
ofcourse,becausetheytendto detemninewhethera missilewillmeltor
perhaps‘burndtiingflight.

Thenextquestionishowdot~eheat-transferratescompareinthe
caseofmodelandmissile?It iseasilydeducedfromequations(4)and(5)
andtheconditionsforequalheattransferperunitmassthat -.-

(*)mo=*(%).., (9)

and

.

($?)mo=&(*)ti: (lo) .

at correspondingpoints~y’. Thatisto say,theaverageandstagnation
pointheat-transferratesarehigherforthemodelinproportiontothe
ratioofmissiletomodelsize.Butperhapstheforemostimportanceof

,.

heat-transferratesis,as discussedearlier,inhowtheyinfluence
thermalstressesinthemissilestructureand,forexample,leadtoabla-
tionofsurfacematerial.Evidently,then,itwouldbemostdesirable
ifequtions(9) and(10)impliedeqpslthermalstressesinmodeland

5Sincemodelandmissilevelocitiesarethessmeat corresponding
pointsintheirtrajectories,itfollowsfron”equation(8)thatthetime
offlightinthetest&amberisreducedbelow”that6fatmosphericentry–

.“

by theratio(~o/~i) . —

.
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missile. This possibilityiseasilychecked
●

thermal-stresseqmtionsforanunrestrained
ref.(4)andsketch)

7

Thus

9

usingmodifiedequilibrium
isotropicelasticbody(see

—Y

x

Stressnotation

by+ aTxy+ %-z aEaTO—-— —=
T ax az 1-2V ay

I

(U)

b= aTxz aTYz C& aT ~—-— .=z ‘F + a? l-2vaz J
wherethestressesarenottruethe-l stresses,butrathertheyarethe

-aE g, etcstressesproducedby the“bodyforces,”—. l-2vax .

.
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The

where

correspondingcompatibilityconditionsare

1 b2v C@ V“v2T+2a2rJI~2ax+_—=
(

—.
1+~ b% 1.2V l-v )s

1 awf ( “2

)

b2Tv2Crz+—-. ———— ~VT+2—
I+V a~2 1:2V l-v.. az2

la242tia%V%-yz-l—--= ——
I+Va~a~ 1-2V apaz

l&$2 c&a2T
V2TXZ+— —= ——

l+V a~a~ 1-2v asa;

andtheboundaryconditionsare

a~~+ Txyq + ‘X2 c=- 1-2V

_ aET
ay~+ Tyz~ + ?q~

1-2V

. uETUzc+ TXZ5+ -ryzv
1-2V

NACARMA55115

(E&)

.-
.

—

(12%)
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Theheat-floweqmtionis (seeref.(5))
.

.— az’ay’

withboundaryconditions

(Twau).initial

and(probably)

outer
surface

inner
Isurface

Nowthethermalstressesaregivenby

= known

dH‘DZF

=0

I-1

(13)

(14)

)

superposingthe“hydrostatic”pres-
sure aET/1-2von solutionsto equations(U.)consistentwiththecom-
patibilityandboundaryconditions(eqs.(12))andthesolutiontothe
heat-flowequation(13)alongwithitsboundaryconditions(eqs.14).

. Butifequtions(9)and[10)alongwiththerequirementsnecessaryfor
theirdevelopmentaresatisfied,theneqmticns(U) through(14)(and
the“hydrostatic*’pressure)aremathematicallyidenticalformodeland

. missile.Hence,thethermalstressesmustbe thessmeinmodeland
missileat correspondingBy’ intheirtrajectories.

Necessaryconditionsforsimulatingaerodymmicheatingandresulting
thermalstressesina ballisticmissilearethen,accordingtothisanal-
ysis,asfollows.First,modelandmissilemustbe geometricallysimilar
andmadeofthessmematerial.b addition,theymusthavethesame
flightspeedsandReynoldsnumibers(basedonlocalconditionsoutsidethe
boundarylayer)at correspondingpointsintheirtrajectories.Finally,
inordertomeettheseconditionsandto insureequalheatingofmodel
andmissile,thetestchambermustcontainairat relativelylowtempera-
tureandwithvariationsin p/p. alongthemodel.flightpathequalto
thoseintheatmospherealongthemissileflightpath.

Withthisknowledgewe areina positionto considerthepractical. problemsofsimulatingatmosphericentry.
—
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SIMULATOR
.

Itisappropriatetodeterminefirsthotitoprovidea modelwith
thecorrectinitialhypervelocityrequiredforsimulation.Forthispur-
poseitissuggestedthata hypervelocityguncanbe employed.A“.C.
ChartersandhisgroupatAmesLaboratory(seeref.6)have,forexample,
launcheda 22-calibermodelfrm a hypervelocity(light-gas)gunat spee~ . ..
up to15,400feetpersecond.‘lhisspeedis60percentofsatellite
speedandcorrespondstothatofa ballisticmissile(seeref.1)withup
to2,000milesrange.Substantiallyhigherspeeds(correspondingto
longerranges)appeartobe realizablewithlight-gasguns.Bothspeed

—

andrangefall,then,intothecategorie~of“interestinthispaper.

Thenextquestionishowtoprovidea modeltestchamberwhichsimu-
latesthelowerportionoftheearthtsatmosphere.Forthispurposeit
issuggestedthata specialsupersonicnozzlecanbeusedtoadvsmtage.
To illustrate,itwasfoundinr=erence2 (seefig.4 therein)thatthe
majorpartoftheaerodynamicheatingofa ballisticmissileentering
theatmosphereoccursovera range.ofabout100,000feetinaltitude.
Inthisaltituderange

.-
P/Po variesby a factorofabout10-2.A corre-

spondingvariationindensitycanbe obtainedbetweenthesettlingcham-
berandexitsectionofa Machnumber5 supersonicnozzle(seeref.7).
13nagine,then,a hypervelocitygunpositionedtolauncha modelupstream
alongtheaxisof sucha nozzle.Thenozzle“isdesignedtoprovidean
essentiallyexponentialvariationindensityalongitsaxis,thedensity

.

decreasingfroma veryhighvalueinthesettlingchambertoa verylow
valueat theexit.Accordingly,a modelproms!edingupstreamthroughthe ~ ‘
nozzleencountersan increasinglydenseatmospherelikethatpresented
by theearthtoa descendingballisticmissile.Now,tobe sure,unlike-
atmosphericair,theairInthenozzleisinmotion.

—
However,theair ,a

velocityissmallby comparisontothehypervelocityofthemodel,and
thereforethisdifferencebetweennozzleairandatmosphericairshodd-

—

maronlyslightlythefunctionofthenozzleas a testchamber.8

Thecombination-ofhypervelocitygunandsupersonicnozzlemerits -:
attention,then,asan atmosphericentrysimulator.An example6Utor “_. _
ofthistypewillthereforebe considerednext.

‘%tisinterestingtonotethatthesupersonicnozzlewhenusedin
theproposedmannerhascompensatingfeatures;namely,asmodelvelocity
decreases,theairvelocitydecreasesand,as modelrecoverytemperature
decreases,theairstatictemperaturerisesup towardatmosphericair
temperature.Thesefeaturesare,ofcourse,favorableto simulating
atmosphericentryinthattheytendtopreservetherequiredsimilarity
betweenatmosphericairandnozzleair.

.
Inthismanner,too,thepos-

sibilityof correctingforsmalldifferences-betweenthesemediais
.—

enhanced. .
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ExampleSimulator

Consistentwiththepreviousdiscussion,a Wch number5 nozzleis
chosento simulatetheearth’satmosphereover100,000feetofaltitude.
Nowletus assumethatballisticmissileswithup to 4,000milesrange
aretobe studiedwiththissimulator.Thecorrespondin~ramgeofatmos-
phericentrances&l.esGe isfrom45° downtoabout30 (seeref.1).
Thelengthofthenozzleisfixedaccordingtoequation(8)by themaximum
valuesof (ye’/sinee)miand ~/~. ~is Mue of (yel/s~ ee)mi is,

fromtheabovespecifications,100,000= 200,000feet. Themaximumvaluesin300
of ~/~ willbe dictatedby thesizeofthelargestmodel.whichcan
be launchedby thespecialgunavailableandby thesizeofthesmallest
missiletobe simulated.Forthepurposeofthisdiscussionit suffices
to observethatthemodelsizewill.probablybe oftheorderofa fraction
ofan inch,whilethemissilesizewillprobablybe oftheorderof sev-
eral.feet. Itfollowsthatthemaximumvalueof ~o/

7
shouldbe of

theorderof10-2. Inthiseventwehavefromeqyation8)thatthe
lengthofthenozzleisof theorderof20feet,andfromeqwtion(7)
thenozzlestagnationdensityisoftheorderof100timessealevelair
density.A missile3 feetindis.meterandweighing5,000poundswould
thusbe simulatedbya model0.36inchindiameterandweighing0.005
pound.

h thebasisof theseconsiderationsourexamplesimulatormight
appearscmethingliketheoneshowninfigure1.. Therequirednozzle
sti~tion densitiesareobtainedforrunningtimesoftheorderofa
secondbyusinga settlingchamberchargedwithhighpressureair. A

. widerangeofsettling-chsmberpressuresand,hence,densitiesmakesit
possibleto varytherangeofaltitudessimulated.Thestorageheater

—

inthesettlingchsmbermaintainstheairtemperaturesabovethosefor
whichliquefactimcanoccurinthenozzle.

.
me nozzlecontourwilltend

tohaveverysmallslopes“inthestreamwisedirection.Henceit is
anticipatedthatflowin thenozzlewillnotdepartradicallyfromthe
one-dimensionaltype.

.-..
Airfromthenozzlepassesintoa vacuumtamk

whichisof sufficientsizetomaintainthenozzlecompressionratios
requiredforsupersonicflowduringthecourseofa test. Observation
windowsarelocatedat shortintervalsalongthenozzlesidewallsto
permitphotographingmodelsinflightanddeterminingeffectsofaero-
dynamicheating.& thisregarditwouldquitelikelyprovedesirable
to employa spectrograph(orspectrographs)to identifythesourcesof
radiationenergyemittedinthevicinityofmodels.Thesimulatorwould
be instrumentedformeasuringsettling-chsmberpressureandtemperature

. and,of course,thetime-distancehistoryof
launchedfroma hypervelocitygunlocatedat
zle,andtheywouldbe arrestedina catcher

. chamber.

models.
ornear
located

Modelswouldbe
theendof thenoz-
inthesettling
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Wehave,then,someideaofhowtheproposedsimulatormightbe “-
employedinpractice.Itisimportant,however,tobe awareofthe m –.
pointsofdifficultywhichmaylimittheperformanceofthedeviceas
a simulator.

PerformanceLimitations

First,itshouldbenotedthat pressure-inducedstressesInthemodel
willbe higherthanthoseinthemissileby theratio ~i/Dmo. This
pointmayprovetroublesome,althoughnotundulysoifthesestressesare
verylow (astheytendtobe)inthemissile---It shouldbe remembered
toothatby”propermodeldesign(e,.g.,theuseof internalpressurization
orotherbracing)thisproblemcanbeminimized.Carefulattentionmust, ._ ..:
ofcourse,be giventobothmodelandsabotdesignfromthestandpointof
minimizingstresses‘inthemodelduringlaunching.

Anotherpointofdifficultymaybe encouiheredifmaterialproperties
(e.g.,yieldpoint)area significautfunctionoftimeunderrapidheating .
conditions.Thereis someindication(seeref.8 andpaperscitedtherein)
thatat theveryhighheatingratesoflong-reuigeballisticmissiles
(correspondingtotemperature-riseratesoftheorderof100°F/seeand ‘-‘
more),theimportanceoftimeissmall.It isindicatedtoothatthis
remainstrue,and,moreimportant,thatmaterialpropertiesremainessen-
tiallythesameat themuchhigherheatingratesproducedinthesimulator?
Farmoreinformationisneeded,however,beforethesignificanceoftime
inthesenseofthisdiscussioncanbefully“assessed. —

.

A furtherquestionwhichshouldbe raisediswhetherornota body
candistortfastenoughwithchangesintemperaturetoremaininstress-
strainequilibrium(i.e.,accelerationtermsnegligible)aswasassumed

“

inderivingequations(U_)and(12).Thissituationwouldbemoreserious
inthecaseofthemodelthaninthecaseof“themissile.A crudecheck
onthematteriseasilyobtainedfora bodywhichbehaveselastically.
To illustrate,thetimerequiredforthemodeltomakesmall.adjustments
instress-strainequilibriumshouldbe ofthesameorderas thetime
requiredforan elasticwaveto travelthelengthofthemodel.

..- .
Fora

typicalsteelmodel(D=l/3in.)inthes~”ator,thislattertimewould
be about10-6seconds.Ifwe assumethatthemodelexperiencesa total
temperature.riseof1500°F whiletravelingthroughthesiiiulator,then
10-6secondsis also thetimerequiredforonlyabout1° temperature
chsngeinthemodelmaterial.Accordingly,onlystilladjustmentsin
stress-strainequilibriumareevidentlyreqtiedinthistime,andhence

‘Thisdiscussionshouldnotbe construet”tomeanthatmaterialprop- *.
ertiesarethesameunderconditionsofhighratesofheatingas they
areundersteadystateconditions(seeref.8)”. .
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equilibriumshouldtendtobe realizedinmodelaswellasmissile.If
●

time-dependentplasticdeformationshouldbecomesignificant,thenthis
statementobviouslyno longerholds.sThus,forexample,thesimulator
maynot(inviewof itsforeshortenedtimescale)duplicatemorethan
qualitativelya fractureprocess(seeref.9)althoughit shouldtendto
duplicatethermaldeformationup toandincludingthebeginningof
fracture.

Thereis,too,thepossibilityofa missilebeingaerodynamically
heatedtotemperatureswhereitwillburnduringdescentthroughthe
earth’satmosphere.Thesimulatorshouldtendtoduplicateconditions
leadingup tothisphenomenon;however,thereisa questionas tohow
wellburningwouldbe duplicated.Thecomplexityandlackof complete
understandingofmetal.burning(see,e.g.,ref.10)precludethepos-
sibilityofobtaininga q~titativeanswertothisquestionat the
presenttime.Fromtheqwlitativeviewpointitisreasonableto expect
thattheeffectsof increasedpartialpressweof oxygen(actingto
increaseburningrate)andthereducedmodelsize(actingto decrease
themount ofmaterialtobeburned)shouldcombineinthesimulatorto
compensateforitsforeshortened-timescale,therebymorenearlyprovid-
ingsimulationofmissileburning.Burningsho@dbe accuratelysimu-
latedforcaseswhereburningrateisdirectlyproportionaltothepar-
tialpressureofoxygen.

As a finalpoint,it isappropriateto considerthematterofdis-
sociationandassociationoftheo~genandnitrogeninair. Thesimula-
torproducesessentiallythessnedisturbedairtemperaturesas themis-
sileenteringtheatmosphere.Accordingly,thepotentialfordissociation

. andassociationisduplicatedby thesimulator.At thepresenttime,
however,it isfeltthatthesetwophenomenaobeydifferentratelaws
(seeAppendix). h thisevent,neitherthephenomenanortheireffects

. onheatingo<a ballisticmissilecanbe duplicatedexceptby 1 to1
simulation(i.e.,theequivalentofflightteststiththefull-scale
missile).An indicationofthepossible“errorthatthissituationmay
introduceintestswiththeproposedsimulatorcanbe obtainedfromthe
calculationsofreferenceU. whichsuggestthattheneteffectofequi-
libriumdissociationandassociationinfreeflightmaybe to increase
therateofheattransfertoa stagnationpointby onlyaboutX percent.g
Thisincreaseshouldbe weld.withinthedesignsafetyfactorofa missile.

8Thuswitha slowprocess,likecreep,modeldefo-tionwouldnot
simulatemissiledeformation(see,e.g.,ref.9),butrather,itwouldbe
lessby theratioof (~o/~i)2dueto theforeshortenedtimescalein
thesimulator.Eveninthecaseofthemissile,however,theentrytime
issoshort(oftheorderof seconds)itseemsunlikelythatcreepcould
playa majorroleindeformingthevehicle..

‘Dissociationandassociationmayhaveespeciallymarkedeffects
on stagnationpointheattransfersincethesephenomenacanstrongly .

w affectboththeinviscidandviscousflowsinthisregion.
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CONCLUDINGRXMARKS

Ithasbeenfoundthatan atmosphericentrysimulatorconsistingof
a hypervelocityguncombinedwitha specialsupersonicnozzlemaybeused
to studytheconditionsofextremeheattrsasferandthermalstresswhich
introducesuchseribu.sproblemsintheflightofa long-rageballistic
missile.Theeffectsofaerodynamicheating”onthemodelcanbe observed

..

withrelativeease,andfurther,thetestscaabe conductedata cost
whichisnegligibleby comparisonto thatofflighttests.

—
Indeed,in

thesimplesttest,thesimulatorcouldprovidewithonephotographofa
modelrathersubstantialevidenceas towhetherornotthecorresponding
missilewouldremainessentially

AmesAeronauticalLaboratory
NationalAdvisoryComnittee

MoffettField,Calif.,

intactwhiletraversingtheatmosphere.

forAeronautics
Sept.15, 1955

.

.

.
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9

DISSOCIATIONANDASSOXATICINRATES

Thedissociationof 02andl?2isthought(see,e.g.,refs.12and13)
toobeythelinearlaw

m—= CI(T)Ndt (Al)

where N istheconcentration(ordensityinparticlesperunitvolune)
andCl(T)istherateconstantwhichusuallydependsonlyupontempera-
ture. @ theotherhand,thecorresmndingassociationprocess(e.g.,
O + 0+ 02)isthoughtto obeythesecond-orderlawl

dN—= C2(T)N2
dt

(A2)

Nowdisturbedairvelocitiesarethesameinthecase.ofmodelandmissile,
whiledisturbedairdensitiesarehigherinthecaseofthemodelby the
ratioof &i/~o. Itfollowsthenthatthesimulatorwilltendto dupli- “

.

.

cate
tion
that

a rateprocessinwhichthepercentagerateof
ofa.giventypeof~ticle isproportionalto
particle,namely,

1L3N= C(T)NGG

changeof concentra-
te concentrationof

(A3)

Butthesimulatortendsto duplicatetemperatureandtypeofparticle;
hence,it should.duplicatethe“association’*rateprocessgivenby equa-
tion(A2)since C(T)= “C2(T).Itwillapparently-not,however,dupli-
catethe“dissociation”rateprocessgivenbyequation(Al).

b

.

lActuallythereis somequestiona-stothecorrectnessofeither
eqyation(Al)or“(A2)(see-e.g.,ref.(14)) forpuremediaandthereis
thefurthercomplicationof impuritieswhichcouldlead,forexsmple,

-—

toa third-orderratewocess. .
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Figure l.- Example otmospherlcentry simulator.


